BACKGROUND: Obesity is one of the leading causes of preventable death worldwide. Circadian rhythms are known to control both sleep timing and energy homeostasis, and disruptions in circadian rhythms have been linked with metabolic dysfunction and obesity-associated disease. In previous research, social jetlag, a measure of chronic circadian disruption caused by the discrepancy between our internal versus social clocks, was associated with elevated self-reported body mass index, possibly indicative of a more generalized association with obesity and metabolic dysfunction. METHODS: We studied participants from the population-representative Dunedin Longitudinal Study (N = 1037) to determine whether social jetlag was associated with clinically assessed measurements of metabolic phenotypes and disease indicators for obesity-related disease, specifically, indicators of inflammation and diabetes. RESULTS: Our analysis was restricted to N = 815 non-shift workers in our cohort. Among these participants, we found that social jetlag was associated with numerous clinically assessed measures of metabolic dysfunction and obesity. We distinguished between obese individuals who were metabolically healthy versus unhealthy, and found higher social jetlag levels in metabolically unhealthy obese individuals. Among metabolically unhealthy obese individuals, social jetlag was additionally associated with elevated glycated hemoglobin and an indicator of inflammation. CONCLUSIONS: The findings are consistent with the possibility that 'living against our internal clock' may contribute to metabolic dysfunction and its consequences. Further research aimed at understanding that the physiology and social features of social jetlag may inform obesity prevention and have ramifications for policies and practices that contribute to increased social jetlag, such as work schedules and daylight savings time.
INTRODUCTION
Obesity is one of the biggest public health concerns faced by industrialized societies. [1] [2] [3] Many factors affect the risk for obesity, including sleep duration. [4] [5] [6] [7] [8] Circadian output rhythms, including sleep-wake timing, are modified through signals from the internal circadian clock that is in turn synchronized to external environmental cues. 9 The circadian clock is also known to regulate energy metabolism, 10 and disruption of circadian rhythms has been shown to alter obesity and metabolic-associated phenotypes in mice and humans. [11] [12] [13] [14] [15] Social jetlag is a measure of the discrepancy in sleep timing between our work days and free days. 16, 17 Social jetlag was so named due to the similarity in the time discrepancy for many individuals between work and free days to that of travel-induced jetlag caused by taking a flight to the west on Friday evening and a return flight on Monday morning. Unlike travel-induced jetlag, social jetlag occurs chronically throughout an individual's working life. As travel-induced jetlag results in a misaligned circadian system that in turn causes temporary problems with metabolism, it is likely for social jetlag to have chronic consequences for metabolism, due to the manifestations of a misaligned circadian system. Recently, individuals who have more social jetlag, and thus a greater discrepancy between their internal and social clocks, were found to also have higher self-reported body mass index scores (BMI) in a large European sample (N465 000). 14 This association persisted after controlling for sleep duration and sleep timing (chronotype).
If social jetlag is not only associated with BMI, but more generally with other measures of obesity and metabolic dysfunction as well as with the health consequences of obesity, then this would be consistent with the hypothesis that our internal clocks being at odds with our external schedules may partially underlie the increased obesity seen in recent decades. This would be in line with a number of studies suggesting that sleep disruptions, including short sleep duration and sleep debt, may be a contributing factor to obesity. 18, 19 We studied participants in the population-representative Dunedin Longitudinal Study in order to further explore the link between social jetlag and metabolic dysfunction in three ways. First, although our sample is smaller than the original discovery sample, it has the advantage of containing a number of clinically assessed measurements of metabolic phenotypes: BMI, fat mass, waist circumference, obesity and the metabolic syndrome. We were additionally able to control not only for additional sleep measures, but also for lifestyle and demographic factors such as smoking and socioeconomic status (SES). Second, obesity is typically associated with metabolic dysfunction and increased inflammation, which have, in turn, been hypothesized to underlie an increased risk for cardiovascular disease and diabetes seen in obese individuals. [20] [21] [22] [23] In order to investigate whether social jetlag is also associated with these consequences of obesity, we investigated whether social jetlag was associated with disease indicators for obesity-related disease, specifically, indicators of inflammation and diabetes. Third, recent obesity research has shown that there is a subset of obese individuals who are metabolically healthy. 24 There is controversy about whether or not these metabolically healthy obese individuals are at increased risk of developing cardiovascular disease and dying from related disorders. [24] [25] [26] We thus tested whether social jetlag is specifically associated with unhealthy obesity, defined as obese individuals who exhibit at least three risk factors for metabolic syndrome.
MATERIALS AND METHODS Sample
Participants are members of the Dunedin Multidisciplinary Health and Development Study, a longitudinal investigation of health and behavior in a complete birth cohort. Study members (N = 1037; 91% of eligible births; 52% male) were all individuals born between April 1972 and March 1973 in Dunedin, New Zealand, who were eligible for the longitudinal study based on residence in the province at age 3 years and who participated in the first follow-up assessment at age 3 years. The cohort represents the full range of SES in the general population of New Zealand's South Island and is primarily white. 27 Assessments were carried out at birth and at ages 3, 5, 7, 9, 11, 13, 15, 18, 21, 26 and 32 years, and, most recently, 38 years, when 95% of the 1007 study members still alive took part. At each assessment wave, study members are brought to the Dunedin research unit for a full day of interviews and examinations. The Otago Ethics Committee approved each phase of the study and informed consent was obtained from all study members. We excluded all shift workers (n = 131), as the standard Munich Chronotype Questionnaire would only provide an estimate of their social jetlag for a single shift and thus may not give an accurate measurement of social jetlag for shift workers on variable shift schedules. Exclusion of shift workers is standard practice when using the Munich Chronotype Questionnaire. 14, 28 Sleep duration, chronotype and social jetlag measures At age 38 years, the Munich Chronotype Questionnaire was used to assess social jetlag as well as sleep duration and chronotype. 29 Social jetlag, the discrepancy between our internal timing and external timing, was measured by subtracting each participant's midpoint of sleep on work days from their midpoint of sleep on free days (MSF). Sleep duration was calculated by averaging the sleep duration on work days and free days, assuming five work days and two free days a week as standard. Chronotype, the preference in sleep timing, was assessed using sleepdebt-corrected MSF (MSF sc ) (see Ronneberg et al. 17 ). A detailed protocol for calculating the complete set of Munich Chronotype Questionnaire variables can be found elsewhere. 14 Social jetlag was significantly correlated with chronotype (r = 0.40, Po0.01), but not with sleep duration (r = − 0.04, P = 0.28). The mean social jetlag among participants in our cohort was 0.88 h, with a standard deviation of 0.96 (n = 815) (see Supplementary Figure 1 ). All analyses were conducted using the absolute value of social jetlag.
Obesity phenotypes at age 38 years
Measures of being overweight. Height was measured to the nearest millimeter using a portable Harpenden Stadiometer (Holtain, Crymych, UK). Weight was recorded to the nearest 0.1 kg using calibrated scales. Individuals were weighed in light clothing. BMI was computed as weight (kg)/height (m 2 ). Obesity was defined as BMI ⩾ 30. Of the participants, 23.4% (n = 192) were obese. Waist circumference (girth) was measured in centimeters. Fat mass was measured using a body composition analyser (Tanita BC 418, Tokyo, Japan) to assess bio-electrical impedance.
Metabolic syndrome. Metabolic syndrome was assessed from measurements of five biomarkers: (i) high waist circumference (⩾88 cm for women, ⩾ 102 cm for men), (ii) high blood pressure (⩾130/85 mm Hg), (iii) low high-density lipoprotein (HDL) cholesterol (o50 mg dl − 1 for women, o40 mg dl − 1 for men), (iv) high glycated hemoglobin (⩾5.7%) and (v) high triglycerides (⩾200 mmol l − 1 ). Biomarker assessments have been described in detail previously. 30 Cohort members with high-risk values on three or more biomarkers were defined as having the metabolic syndrome. 31 Of the participants, 15.9% met criteria for the metabolic syndrome.
Inflammation. Elevated systemic inflammation was assessed using high-sensitivity assays of C-reactive protein (hsCRP) in blood. HsCRP was measured on a Hitachi 917 analyzer (Roche Diagnostics GmbH, D-68298, Mannheim, Germany) using a particle-enhanced immunoturbidimetric assay. The Centers for Disease Control and Prevention (CDC)/American Heart Association (AHA) definition of high cardiovascular risk (hsCRP43 mg l − 1 ) was adopted to identify the risk group. 32 Glycated hemoglobin. Glycated hemoglobin concentrations (expressed as a percentage of total hemoglobin) were measured by ion-exchange highperformance liquid chromatography (Variant II; Bio-Rad, Hercules, CA, USA) (coefficient of variation, 2.4%), a method certified by the US National Glycohemoglobin Standardization Program (http://www.missouri.edu/ diabetes/ngsp.html). The American Diabetes Association definition of 'pre diabetes' high glycated hemaglobin (⩾5.7) was adopted to identify the risk group. 33 Unhealthy obesity. We created a measure for obesity status with three levels: non-obese: BMIo 30, healthy obese individuals: BMI ⩾ 30, but no metabolic syndrome (see above), and unhealthy obese: BMI ⩾ 30 and metabolic syndrome. Of the 186 obese individuals, 101 were healthy obese and 85 were unhealthy obese.
Potentially confounding variables
Current smoking was defined as smoking at least one cigarette daily for at least 1 month in the previous year (0 = non-smoker, 1p10 per day, 2 = 10-19 per day and 3 = 20+ per day). Of the participants, 77.3% were non-smokers. Current smoking was included as a potential confounder because it is positively associated with social jetlag (in the Dunedin study, r = 0.24, P o0.0001) and because smoking may keep weight low. 34, 35 Socioeconomic status. At age 38 years, study members were asked about their current or most recent occupation. The SES of the study members was measured on a six-point scale that assessed self-reported occupational status and allocates each occupation to 1 of 6 categories (1 = unskilled laborer, 6 = professional). Homemakers and those not working were prorated based on their educational status according to criteria included in the New Zealand Socioeconomic Index. 36 SES was included as a covariate in the analyses because lower social status is linked to greater social jetlag (in the Dunedin Study, r = 0.17, Po 0.001) and because of the SES-health gradient. 37 
Analysis
We conducted linear regressions for continuous outcomes (BMI, fat mass and waist circumference) and logistic regressions for dichotomous outcomes (obesity and metabolic syndrome). Social jetlag was treated as a continuous variable in all analyses. In model 1, we controlled for social jetlag, sex, chronotype (MSF sc ) and sleep duration. In model 2, we controlled for the model 1 covariants and additionally added a covariant for smoking. In model 3, we controlled for the model 2 covariants and additionally added a covariant for SES. For linear regression models, we assessed violations of linearity, normality and homoscedasticity, using visual inspection of histograms, residual-versus-fitted plots and Q-Q plots, as well as skewness and kurtosis statistics (Po0.05). All assumptions were met. The variance inflation factor score for the covariants used only differed slightly across models and ranged between 1.04 and 1.35. As an example, the variance inflation factor scores for the covariants in model 3, with fat mass as the dependent variable, are as follows: sex (1.06), social jetlag (1.34), MSF sc (1.33), sleep duration (1.04), SES (1.18) and current smoking (1.20) .
We used multinomial logistic regression to determine whether social jetlag was associated with metabolically unhealthy vs healthy obesity status. For the biomarkers of inflammation (hsCRP) and diabetes (glycated hemoglobin), we first conducted the analyses as stated above and then repeated them after excluding the remaining healthy obese individuals (n = 100).
Six individuals had extreme values of social jetlag (values45 h). To address these individuals, we conducted the above analyses both with these individuals removed and with these individuals recoded to a social jetlag score of 5 h. These two approaches yielded nearly identical results; we present the data with the recoded values.
Our study members are still relatively young (age 38 years), and only a few are taking diabetes medication (n = 4) or statins (n = 18). Study members were assessed for their use of medications with antiinflammatory effect, including: systemic steroids, respiratory steroids, nonsteroidal anti-inflammatory drugs, prophylactic aspirin, anti-gout medications, anti-rheumatic medications and estrogens. Use of antiinflammatory drugs was not related to social jetlag (r = 0.01, P = 0.68). In sensitivity analyses (via statistical control and via exclusion), we verified that medication use did not influence the statistical or substantive findings reported in this article.
All analyses were conducted using SPSS (IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY, USA: IBM Corp).
RESULTS
Social jetlag was significantly associated with overweight phenotypes and phenotypes indexing metabolic dysfunction (see Figure 1 ), even after taking into account chronotype and sleep duration (see Table 1 ). Individuals with greater social jetlag scores had higher average BMIs (β = 0.10, s.e. = 0.2, P = 0.012) and more fat mass (β = 0.08, s.e. = 0.5, P = 0.031), were more likely to be obese (odds ratio (OR) = 1.2 (95% confidence interval (95% CI): 1.0-1.5), P = 0.045) and to meet criteria for the metabolic syndrome (OR = 1.3 (95% CI: 1.0-1.6), P = 0.031). There was also a trend for these individuals to have larger waist circumference (β = 0.07, s.e. = 5.1, P = 0.052). We thus found that greater social jetlag was generally associated with elevated measures of obesity and metabolic dysfunction.
As tobacco smoking has a suppression effect on weight, we added current smoking levels to our statistical models, anticipating that doing so would strengthen the associations between social jetlag and these measures. Consistent with this expectation, in smoking-adjusted models the associations between social jetlag and overweight phenotypes and phenotypes indexing metabolic dysfunction increased in strength by 15-30% (summarized in Table 2 ). We thus found that the suppression effect of smoking on weight was likely masking the association between social jetlag and obesity.
SES is known to predict health outcomes, with people of lower SES generally having worse scores on indicators of health, such as obesity. 38 In addition, as irregular working hours may be related to occupational status and can affect social jetlag, we added SES to the linear regression models. Overall, social class differences slightly attenuated the associations between social jetlag and both the overweight phenotypes and the phenotypes indexing metabolic dysfunction, although associations with BMI, fat mass, waist circumference and obesity remained significant (summarized in Table 2 ).
As social jetlag was significantly associated with metabolic measures, we investigated whether it was also associated with biomarkers of inflammation (hsCRP levels), and diabetes (glycated hemoglobin). Although both analyses suggested that individuals with higher social jetlag scores had marginally elevated levels of Social jetlag, obesity and metabolic disorder hsCRP and glycated hemoglobin, the association did not reach significance for hsCRP (OR = 1.2 (95% CI: 1.0-1.4), P = 0.12) and there was only a trend toward significance for glycated hemoglobin (OR = 1.1 (95% CI: 1.0-1.4), P = 0.073).
Recent obesity research has suggested that it is useful to distinguish between obese individuals who are metabolically healthy versus unhealthy. 24, 26 Using metabolic syndrome to differentiate between healthy and unhealthy obese individuals, we conducted a multinomial logistic regression to determine whether social jetlag was associated with obesity status. We found that individuals with higher social jetlag levels had an increased risk for being in the metabolically unhealthy obese group (OR = 1.4 (95% CI: 1.1-1.8), P = 0.008, summarized in Figure 2 ). High levels of social jetlag were not, however, associated with an increased risk for being in the metabolically healthy obese group (OR = 1.1 (95% CI: 0.8-1.4), P = 0.60).
As healthy obese individuals may not have an increased risk of developing and dying from obesity-related disorders, possibly because they do not have high levels of inflammation and diabetes-related pathophysiology, [24] [25] [26] they might be masking associations of social jetlag with biomarkers of inflammation and diabetes in the metabolically unhealthy obese. We thus excluded the healthy obese individuals and re-estimated the associations Abbreviations: BMI, body mass index; CI, confidence interval; OR, odds ratio. We used linear regression models to test associations between social jetlag and continuous outcome measures of BMI, fat mass and waist circumference; the table shows the standardized coefficient (β), s.e. and P-value for social jetlag as a predictor variable. We used logistic regressions to test associations between social jetlag and binary outcome measures of obesity and the metabolic syndrome; the table shows the OR, 95% confidence interval for the OR (95% CI) and P-values for social jetlag as a predictor variable. The OR associated with social jetlag reflects the effect of a one-unit (s.d.) increase in social jetlag. Significant P-values (P o0.05) are shown in bold. a Individuals who smoked had lower BMI (r = − 0.13, Po 0.001), less fat mass (r = − 0.14, Po0.001), smaller waist circumference (r = − 0.09, P = 0.003) and lower risk for obesity (r = − 0.08, P = 0.02).
Smoking was not associated with risk for metabolic syndrome (r = 0.02, P = 0.51). b Lower SES status was significantly associated with higher BMI (r = − 0.09, P = 0.009), greater waist circumference (r = − 0.08, P = 0.02) and higher risk for obesity (r = − 0.08, P = 0.03). Lower SES status was also marginally significantly associated with more fat mass (r = − 0.06, P = 0.09), but not with risk for the metabolic syndrome (r = − 0.05, P = 0.13). between social jetlag, hsCRP levels and glycated hemoglobin. Upon removing these individuals, we found that individuals with higher social jetlag scores were more likely to have clinically elevated levels of hsCRP (OR = 1.3 (95% CI: 1.0-1.6), P = 0.046) and glycated hemoglobin (OR = 1.3 (95% CI: 1.0-1.6), P = 0.018), although these associations became weaker once we controlled for smoking ((OR = 1.2 (95% CI: 1.0-1.5), P = 0.102) and (OR = 1.2 (95% CI: 1.0-1.6), P = 0.053), respectively) and SES ((OR = 1.2 (95% CI: 1.0-1.5), P = 0.092) and (OR = 1.2 (95% CI: 1.0-1.5), P = 0.112), respectively) (summarized in Figure 3 and Table 3 ).
DISCUSSION
We successfully replicated the association of social jetlag with BMI in an independent cohort. 14 We additionally found that social jetlag was associated with a number of clinically assessed metabolic measures, albeit modestly. Furthermore, we found that social jetlag was associated with disease indicators for obesityrelated disorders, especially in 'unhealthy obese' participants. Taken together, these data show that social jetlag is more generally associated with both obesity and the metabolic consequences frequently found in obese individuals.
As social jetlag is a measure of the discrepancy between our internal clock and our external environment, it is possible that circadian disruption underlies these associations. A number of studies have shown that circadian disruption leads to similar metabolic consequences. Sleep restriction and circadian disruption caused decreases in resting metabolic rate, increased plasma glucose concentrations after eating and inadequate pancreatic insulin secretion. 39 Chronic circadian disruption in mice led to metabolic disruption, weight gain, increased leptin and insulin levels. 40, 41 Furthermore, disruption of a circadian gene led to the disruption of hepatic lipid homeostasis in mice, 42 whereas myeloid cell-specific disruption of Per1 and Per2 expression in mice exacerbated both diet-induced inflammation and insulin resistance. 43 A recent study found that mistimed sleep disrupted the daily regulation of global gene expression in humans. 44 As social jetlag disrupts sleep timing, it is thus possible that social jetlag has similar effects on gene expression. Taken together, these studies suggest that our findings may be explained by the circadian disruption caused when our internal clocks are at odds with our external schedules, possibly by affecting the timing of gene expression. In addition, it is also likely that social jetlag disrupts healthy habits (for example, diet) that may compromise health.
The nature of our observational design prevents us from making causal inferences. In addition, reverse causation could in theory apply, if poor health associated with obesity dictates lifestyle choices, such as occupation type, that increase social jetlag. In order to control for potential confounding effects, we added both smoking and SES to our statistical models, and found that afterward social jetlag was still significantly associated with most of the metabolic measures. Interestingly, controlling for smoking increased the strength of the association between social jetlag and the metabolic measures, which is in line with previous findings that nicotine acts as an appetite suppressant and smoking keeps weight low. 34, 35 As people with social jetlag have previously been shown to be more likely to smoke, 16 it is important to consider this confound in any future replication studies, particularly as it may mask real associations of social jetlag and metabolic measures. Controlling for SES conversely decreased the strength of these associations, possibly because lower SES is associated with poor health, including obesity. 38 Although the obesity epidemic has traditionally been thought to be caused primarily by changes in decreased levels of activity and food marketing, recent research has suggested that a number Table 3 ). The bars represent the mean percent of specific measures organized into 1-h bins, with the number inside the bars representing N. The error bars represent s.e. *P-valueso 0.05. Abbreviations: CI, confidence interval; OR, odds ratio; SES, socioeconomic status. This table shows the OR, 95% confidence interval for the OR (95% CI) and P-value for social jetlag as a predictor in logistic regression models after excluding the healthy obese individuals (n = 100). The OR associated with social jetlag reflects the effect of a one-unit (s.d.) increase in social jetlag. Significant P-values (Po0.05) are shown in bold. a Individuals who smoked were more likely to have high glycated hemoglobin levels (r = 0.11, Po 0.001), but not high hsCRP levels (r = 0.03, P = 0.33). b Lower SES status was related to high glycated hemoglobin levels (r = − 0.10, P = 0.007), but not high hsCRP levels (r = −0.02, P = 0.58).
Social jetlag, obesity and metabolic disorder of alternative factors, including sleep debt and sleep duration, also have a role. 18, 19, [40] [41] [42] This multi-determinant hypothesis for obesity is compatible with our findings. Moreover, as obesity phenotypes likely have multiple determinants, large effect sizes would not be expected for any single risk factor; it is thus not surprising that the effect sizes associated with social jetlag are relatively modest in size. This is the first study to find that social jetlag is associated with biomarkers for diabetes and inflammation. Given the association of social jetlag with obesity, it is not surprising to find a similar association with inflammation, as inflammation has long been known to be associated with obesity. 20 Although we cannot make causal inferences from our data, the fact that, on average, individuals with a social jetlag of 2 h had similarly increased CRP levels as those with even higher levels of social jetlag suggests that there may be a threshold value of social jetlag required for these associations. Interestingly, a similar threshold-like pattern was seen for both BMI and fat mass. It should be noted that the associations of social jetlag with these biomarkers became weaker or non-significant once we controlled for smoking and SES, suggesting that these factors may partially underlie these associations.
CONCLUSIONS
In conclusion, we found that greater social jetlag was associated with unfavorable metabolic symptoms and disease indicators for obesity-related disorders. The findings are compatible with evidence that circadian disruption causes unfavorable metabolic symptoms in animals and humans. These novel findings are consistent with the hypothesis that the conflict between our internal clocks and our external schedules in modern life may be a contributory factor in the recent obesity epidemic. Further research aimed at determining the physiological mechanisms underlying these associations may give insight into the management of obesity, possibly by altering factors that promote social jetlag and by aligning our internal clocks with our social clocks.
